STUDY QUESTION: Are Sad1 and UNC84 domain containing 5 (SUN5) mutations associated with the outcomes of ICSI in patients with acephalic spermatozoa syndrome (ASS)?
Introduction
Acephalic spermatozoa syndrome (ASS), a rare type of teratozoospermia, has been reported, but its cause remains poorly understood (Perotti et al., 1981; Rondanino et al., 2015) . The major spermatozoa anomaly in ASS patients is headless spermatozoa. These usually occur along with some intact spermatozoa with abnormal head-tail junctions. Electron microscopy can often detect the absence of the implantation fossa and basal plate between the sperm head and tail (Chemes et al., 1999) .
ASS was previously suggested as a genetic disease. It repeats identically in different patients, and has familial incidence in humans (Baccetti et al., 1989; Chemes et al., 1999) . Our previous research found that eight out of 17 ASS patients (47.06%) had genetic defects in Sad1 and UNC84 domain containing 5 (SUN5) (Zhu et al., 2016) . The concentration and motility of sperm in ASS patients are often low, but some motile spermatozoa with abnormal head-tail junctions could be found, implying a possibility of successful pregnancy through ICSI.
Herein, we present the ICSI results from five ASS patients with SUN5 mutations. We also report three novel mutations of SUN5 from three newly diagnosed ASS patients.
Materials and Methods

Patients and controls
During Jan 2011-May 2017, 11 ASS patients with SUN5 mutations attended our fertility center. Eight patients who had been reported previously (Zhu et al., 2016) and three new patients (P5, P6 and P7) were involved in this study. Five ASS patients (P1, P2, P3, P4 and P5) with SUN5 mutations had completed ICSI procedures. Four of them (P1, P2, P3 and P4) were from a previous study (Zhu et al., 2016) and one (P5) was only reported in this study (Table I) . The remaining six patients have not had an ICSI procedure; four of them have selected IUI or IVF-embryo transfer with donor sperm. Testicular volume, sex hormone levels and chromosome karyotype were all within normal limits. The ICSI outcomes of SUN5 mutated and SUN5 non-mutated ASS and MMAF men were compared. The ethical committee of the First Affiliated Hospital of Nanjing Medical University has approved this study. We obtained written informed consents from each participant.
Semen analysis and sperm morphology
Semen volume, sperm concentration, morphology and motility were evaluated at least twice according to guideline (WHO, 2010) . Sperm morphology was assessed using the Shorr method. The morphological abnormalities were classified into four categories: normal, abnormal headtail junction, decaudated and acephalic. The percentages of each category were calculated.
Sanger sequencing of SUN5
The SUN5 gene was sequenced as described previously (Zhu et al., 2016) . PCR products for sequencing SUN5 and deletion mapping were amplified using Q5 Taq polymerase (New England Biolabs, MA, USA).
Western blot analysis
Western blot was carried out as described previously (Zhu et al., 2016) . A rabbit anti-SUN5 antibody (Rabbit Polyclonal, Proteintech, 1:1000) and a rabbit anti-GAPDH antibody (Rabbit Polyclonal, Keygene Biotech, 1:1000) were used for the Western blot. ICSI, embryo culture and embryo transfer ICSI was carried out as previously described (Shen et al., 2013) . Only motile spermatozoa with a head and tail, including the abnormal junction of head-tail, were chosen for ICSI. The inseminated oocyte was cultured in Quinn's medium (Sage, CT, USA). Embryos were transferred using ultrasound guidance.
Statistical analyses
The χ 2 test was used to compare the three groups, such as the two pronuclei (2PN) rate, good-quality embryo rate, and transferrable embryo rate. Student's t-test was used to compare the means between groups. Data are presented as mean ± SD. P values ≤ 0.05 were considered as statistically significant difference. All statistical analyses were performed with R software (version3.4.1; The R Foundation for Statistical Computer, http://www.cran.r-project.org/).
Results
Sanger sequencing analysis on ASS patients
Mutations in P1, P2, P3 and P4 have been previously reported (Zhu et al., 2016) . Our sequencing analysis identified three new cases (P5, P6 and P7) with novel mutations of SUN5 gene (Table I) (Table I and Fig. 1 ). DNA samples from the parents of P5, P6 and P7 were sequenced, and the variants were found to be inherited from them. The segregation of the variants was established by sequencing two parents of the patients. With the in silico tools, including the SIFT (sorting intolerant from tolerant), PolyPhen-2, MutationTaster and NNSplice, we evaluated the predicted effect of the three novel mutations on protein function. The three novel mutations (c.829C>T; c.829 c.1067G>A; c.211+1 insGT) were found to be pathogenic. Moreover, the three novel mutations had a low allele frequency (0-19/121,238) in the ExAC dataset, and none were in a homozygous state (Table II) . The novel mutation (c.829C>T) inherited from a heterozygous mother was predicted to be a loss-of-function variant. The novel missense mutation (c.1067G>A [p.R356H]) is similar to the known missense mutation (c.1066C>T[p.R356C]). That mutation disrupted highly conserved amino acids in the C-terminal SUN domain and interfered in the interaction of SUN5 with its partners in the perinuclear space (Zhu et al., 2016) . In addition, the frame-shift variant (c.211+1 insGT) of P7 in the N-terminal nucleoplasmic region predictably led to a premature termination codon (PTC) in SUN5 mRNA, producing a truncated SUN5 protein without its C-terminal SUN domain (Table II) . The letter D in the brackets indicates deleterious. c The mutation 211+1 insGT was predicted to cause frame shift.
Analysis of the SUN5 levels in two ASS cases with SUN5 mutations
We analyzed the protein levels of SUN5 by Western blot in the ejaculated semen from two patients, P5 & P6. The semen from a healthy donor was used as a positive control. As shown in Fig. 2C , SUN5 protein was nearly undetectable in semen samples from P5 and P6.
ICSI outcomes and semen parameters
Semen analysis of patients with ASS showed that~95% spermatozoa were acephalic and a small percentage had abnormal head-tail junctions or heads without tails ( Fig. 2A and B , Table I ). All patients were oligozoospermic and asthenozoospermic (Table I ). In total, five couples underwent five ICSI cycles and the mean number of metaphase II (MII) oocytes was 10.80 ± 1.43 (mean ± SD). The rates of fertilization 2PN/ injected oocytes and good-quality embryos (good-quality embryo/2PN) were 81.5 and 81.8%, respectively. Embryos from all five couples were frozen to prevent the development of ovarian hyperstimulation syndrome. The partners of the five patients all became pregnant following the first frozen embryo transfer cycle (Table III) . There was one twin pregnancy (for P1). Minor malformation of the left ear dysplasia with mild hearing loss was diagnosed in one child (for P2).
To compare ICSI results, we evaluated the ICSI outcomes of three ASS patients without SUN5 mutations. There were no statistically significant differences in ICSI results between patients with SUN5 mutations and patients without SUN5 mutations. We also assessed the ICSI outcomes of nine MMAF patients; four had been reported in our previous study . There were no significant differences between the three groups in terms of age, MII oocytes, transferrable embryos, implantation, and pregnancy, miscarriage (Table IV) . However, the rate of fertilization and good-quality embryos in MMAF patients was significantly lower compared with the ASS patients (65.6 versus 82.4%, P = 0.039 and 53.6 versus 85.2%, P = 0.031, respectively) ( Table IV) .
Discussion
Teratozoospermia, such as MMAF, globozoospermia and ASS, has been reported as a cause of male infertility. ASS is rarely found in infertile males. Light microscopy can detect a large number of progressive motile headless tails, and a few spermatozoa with an abnormal angle between the head and tail. Our previous work reported that biallelic SUN5 mutations may cause autosomal-recessive ASS, and one recent report confirmed the homozygous deletion of SUN5 in patients with ASS from Algeria (Elkhatib et al., 2017) . Herein, our new Sanger sequencing analysis of the SUN5 gene identified three novel mutations. Western blotting analysis using samples from P5 and P6 demonstrated that the SUN5 mutations reduced protein levels, similar to the finding in P3 and P4 (Zhu et al., 2016) . These results indicat that the reduced SUN5 protein level after gene mutation may be responsible, at least in part, for the development of ASS.
Despite ASS being a serious teratozoospermia, ICSI can help patients to father children if they have intact motile spermatozoa, even if the head-tail junction is abnormal. Porcu et al. (2003) reported a successful pregnancy from ICSI using decapitated sperm from two brothers. However, an earlier study reported a case of pregnancy failure after ICSI with decapitated sperm, despite having good-quality embryos (Saias-Magnan et al., 1999) . So far, for all five ASS patients with SUN5 mutations who had ICSI, fertilization was achieved. Therefore, the abnormal head-tail junction may not affect the fertilization rate and clinical pregnancy. In addition, we also achieved a pregnancy rate of 100% in three ASS patients without SUN5 mutations using ICSI; however, the number was rather limited. This indicates that ICSI may be an optimal therapy for ASS patients with motile spermatozoa but with an abnormal head-tail junction. Pregnancy following ICSI in MMAF patients has been previously described . The rate of transferable embryos and pregnancy was no difference between the three groups in the present study. The rate of fertilization and good-quality embryos in MMAF patients was significantly lower compared with ASS patients (Table IV) . Two previous studies showed that patients with tail pathologies had a good prognosis following ICSI (Chemes and Rawe, 2003; Wambergue et al., 2016) . The discrepancy is probably because our MMAF patients had no, or lower frequency, dynein axonemal heavy chain 1 (DNAH1) mutations. In addition, a few of our MMAF patients did not have enough motile spermatozoa to perform ICSI. Nevertheless, the number of our patients was rather limited and further studies are needed to validate the pathological effects of the abnormal head-tail junction and tail of spermatozoa on the outcome of ICSI.
In summary, we have identified three novel mutations of the SUN5 gene that possibly lead to ASS. ICSI is an optimal therapy with a favorable pregnancy outcome. Nevertheless, further studies are needed to define the precise molecular mechanisms of how SUN5 mutations lead to ASS.
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